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Introduction 
The advent of digital photography opened a completely new world for a lot of people. Just 
look around: there has never been a moment in photography’s long history that so many 
people actually had and used a photo camera. However, along with new technology always 
come misconceptions. One of these often heard and read delusions is the fact that “the focal 
length of lenses changes when used on a digital camera”, leading to strongly magnified 
images as indicated by a so-called digital magnification factor. The purpose of this article is 
to prove the above statement (and term digital magnification factor) to be incorrect by 
outlining the concepts of focal length and image sensor size as well as their combined effect 
on field of view. 
 
Size matters 
 * Film formats 
Although aerial photographers use(d) a variety of photographic film formats, this article will 
compare the 135 format to its digital equivalent, in order not to end up comparing apples to 
oranges. Launched in 1934, this format had the highest sales worldwide. Hence, a lot of 
people are not even aware of the fact that smaller as well as larger film formats exist. On one 
end of the range, one finds smaller film formats as the 110 or sub-miniature format 
(introduced by Kodak in 1972 and 16 mm wide) as well as the rather recently (1996) launched 
APS (Advanced Photo System) format, characterized by a 24 mm wide film. On the other side 
of the film spectrum, larger formats reside: the 120 and 220 format – which enable so-called 
medium format photography – and the large format films (4 in x 5 in, 5 in x 7 in, 8 in x 10 in, 
11 in x 14 in and 20 in x 24 in). 
Compared to these large formats, the rather small dimensions of the 135 format allocated this 
film to terms as “small” and even “miniature format” photography (while its popularity gave 
rise to the term standard format photography). The 135 film is characterized by frames which 
can hold an image of 36 mm by 24 mm (approximately 1.42 in x 0.94 in), thus having an 
aspect ratio of 3:2 (i.e. width/height). Because the film is 35 mm wide, the creation of images 
by cameras and lenses suited for such 135 format emulsions became commonly known as 35 
mm photography. 
 
 * Sensor formats 
Instead of emulsions, digital photography uses a digital image sensor to record the scene. 
Notwithstanding both medium and large format cameras can be equipped with digital sensors, 
this paper deals only with small format digital photography to make a valid comparison with 
the 135 film format. This restriction is just for a matter of convenience in choosing examples. 
A collection of different small format D-SLR sensors (i.e. sensors used in Digital Single-Lens 
Reflex cameras) is displayed in figure 1. Starting from the Four Thirds format onwards and 
ending up with dimensions equal to a 135 format frame, the sensor size of D-SLRs is 
characterized by a rather great variety. In general, three main categories of small format D-
SLR sensor sizes can be distinguished: 
1) Four Thirds (4/3”) format: mainly found in the E series of Olympus, this smallest 
sensor’s dimensions are 18.0 mm x 13.5 mm; 
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2) APS-C format: the main philosophy behind the APS film was the possibility to choose 
from three different film formats on the same emulsion. One of these formats is the 
“C” or Classic format, which uses 25.1 mm x 16.7 mm of the film. Hence, the name 
APS-C format in digital photography is given to all imaging sensors approximating 
the size of this “Classic” APS negative. Most D-SLR camera manufacturers (Canon, 
Nikon, Pentax, Sigma, Sony) stick to this standard, although their sensors mutually 
also differ to some extent. Nikon calls this format the DX format; 
3) Full Frame (FF) format: this sensor equals the dimensions of classic 135 format film 
and is currently only found in two Canon bodies (EOS 5D and EOS 1Ds Mark II). 
Illustration 1 also gives the diagonal distance for each sensor. This numeric value indicates 
the diameter of the circle which completely circumscribes the imaging sensor. The tinier the 
sensor, the smaller its encompassing circle. Because this value will be important in the 
following reasoning, the circle is shown for all different sensors in figure 1 as well. 
 
 
 
Figure 1 - Different digital sensors with their characteristics 
 
Focal length 
Before explaining the importance of the encompassing circle, it is beneficial to present some 
terminology concerning lens systems. A photographic lens is a compound optical system, 
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which means it is created out of different single lens elements. Every such lens element makes 
the incident light bend. However, as one such lens element does not allow to get a pleasing 
image, a multitude of these simple lens elements is used to create a sharp image on the 
emulsion or digital sensor inside the camera. Together, the simple lens elements determine the 
focal length of the photographic lens.  
To explain the term focal length in an easy way, consider the whole photographic lens to be 
represented by only one lens element (figure 2). When parallel rays hit this lens element, 
these rays of light will be brought together at a focus, the so-called focal point F. The distance 
(mostly expressed in mm) from the optical centre of the lens to the focal point is denoted 
focal length f. In other words, the focal length of a photographic lens is a quantitative measure 
of how strongly it focuses light. This focal length is always engraved on every lens: 150 mm, 
70-200 mm, 35-80 mm etc. The larger this number, the greater will be the image size of 
distant objects. Lenses with a short focal length will on the other hand allow more of a scene 
to be captured on the same image area. 
 
It is important to understand that focal length is  
one of those primary physical characteristics of 
a lens that remain unaltered, irrespective of the 
camera the lens is mounted on. A lens with a 
particular focal length (say 60 mm) will always 
be a 60 mm focal length lens, while a 350 mm 
focal length lens constantly remains a 350 mm 
focal length lens, whether the lens is fitted onto 
a film camera or digital camera (and even onto   
an enlarger or a projector). 
 
FOV 
It is now possible to show why the initial statement is completely wrong. Imagine the cone of 
light rays from a scene reaching the film or sensor after they are refracted by a photographic 
lens (figure 3). Due to the fact that all the lens elements of the compound photographic lens 
are circular shaped, the image formed is also circular. Hence, it is given the rather obvious 
name image circle. The size of this image circle is not an inherent property of the focal length 
of the lens, but entirely defined by the optical design. 
    Figure 3 - Cropping the image circle 
Figure 2 – Focal point and f ocal length 
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At this point, the aforementioned sensor’s encompassing circle comes into play: one must be 
sure that the image circle at least equals the circle which just encompasses the film frame or 
sensor. A lens optimized for a 35 mm SLR must project an image circle of at least 43.27 mm 
in diameter. If not, totally black corners will be the result. (This explains why all “old” 35 mm 
lenses can be used on today’s small format D-SLRs. On the other hand, lenses designed for a 
digital sensor will yield black corners when used with the 135 film format). 
Consider again a 60 mm lens, optimized for the 135 format. Let us fit this lens onto two 
bodies: a digital one (e.g. Nikon D2Xs) with a DX sensor of 23.7 mm x 15.7 mm and a 
conventional small format film body (e.g. Canon EOS 3) which creates rectangular negatives 
of 36 mm x 24 mm. The image circle the lens casts on both the sensor and the emulsion is 
exactly the same. Although a circular image is projected, only a square or rectangular image 
will be captured by all film frames and sensors. In this example, the digital sensor will store a 
smaller portion of the image circle as its dimensions are smaller (see figure 3a). In optics, the 
film frame or sensor is denoted the field stop, confining which part of the image circle is 
imaged. 
From this, it will be apparent that the combination of both the physical size of the camera’s 
imaging plane and the focal length of the attached lens are important. It is the relation 
between these parameters that determines the Field Of View (FOV): the angle in object space 
– expressed in degrees (°) – over which objects are recorded in a camera. In the literature, 
diverse names are given to FOV: field angle of view, angle of view, angular field of view, 
picture angle or angle of coverage, but every term indicates the same thing. All 
misunderstanding is born from the fact that FOV is often quoted as a fixed lens characteristic. 
However, the only things fixed for a particular lens are its focal length and its specific image 
circle. Utilizing a lens with a certain focal length, it is only the sensor’s size that determines 
how much of the projected scene will be captured (again see 3a). As enlarging or reducing 
that sensor just alters the area recorded, the object’s magnification is not changed! Therefore, 
all lenses of a particular focal length produce the same image magnification at the plane of 
focus when focused at the same distances. The cropping of the image circle only brings the 
object apparently closer when the digital capture is enlarged to the same physical size as the 
film frame (see figure 3b). 
Finally, it remains to say that FOV can be measured by three parameters: horizontal, vertical 
and diagonal FOV. The specific value only depends on the dimension being used to calculate 
the FOV: along the width, the height or the diagonal of the imaging area (figure 4). 
 
 
Figure 4 – Horizontal, vertical and diagonal FOV 
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In the following table, all three kinds of FOV are given for both the digital sensor and the 135 
format in combination with the 60 mm lens. 
 
 135 format + 60 mm lens DX sensor + 60 mm lens 
horizontal FOV 33° 23’ 55” 22° 20’ 39” 
vertical FOV   22° 37’ 12” 14° 54’ 28” 
diagonal FOV 39° 39’ 25” 26° 39’ 26” 
 
It is now also numerically clear that FOV changes with the imaging format. But how much? 
 
Crop factor 
Due to the popularity of the 135 format, most FOVs associated with specific focal lengths are 
based on this standard. Hence, the FOV of a lens-sensor combination can be compared to the 
FOV of a lens with the same focal length on a 35 mm frame. This angle reduction is in the 
literature labelled focal length factor, focal length multiplier, digital magnification factor, 
digital multiplier or digital crop factor. Just as was the case with FOV, the reduction can be 
determined for all three dimensions. One just needs to divide the dimensions of the 35 mm 
frame by those of the sensor in use. In our example, this yields: 
• horizontally: 36.00 mm / 23.7 mm = 1.519; 
• vertically: 24.00 mm / 15.7 mm = 1.529; 
• diagonally: 43.27 mm / 28.43 mm = 1.522. 
 
To better grasp the meaning of these figures, consider again the 60 mm lens fitted onto a DX 
sensor. Now, a numeric constant is needed to find the focal length which would produce 
exactly the same image on a 35 mm film frame. This constant is any of the three figures given 
above. They can be applied to calculate the 35 mm equivalent focal length, just by multiplying 
any focal length used on the digital sensor to obtain the 35 mm equivalent lens: 
• horizontally: 60 mm * 1.519 = 91.14 mm; 
• vertically: 60 mm * 1.529 = 91.74 mm; 
• diagonally: 60 mm * 1.522 = 91.32 mm. 
 
Using the mentioned lens with a focal length of 60 mm on the D-SLR, the same scene will be 
recorded as a 135 film frame-91.3 mm lens combination would do. Therefore, 91.3 mm is 
said to be the equivalent focal length for the 35 mm format. For convenience on the one hand 
and to tackle the issue of different aspect ratios on the other, camera manufacturers mostly 
give the value based on the diagonal of the image plane. Sometimes, this equivalent focal 
length is given as lens specification rather than the actual focal length. 
The absence of calculations in determining equivalent focal lengths is of course a distinct 
advantage of the full frame sensors. However, the main point is that the actual focal length of 
a lens remains unaltered, no matter how big or how tiny the sensor’s dimensions are. 
Mounting a 60 mm lens on a D-SLR with a Four Thirds sensor does not – as by miracle – 
yield a lens with another focal length. In this respect, “focal length multiplier”, “focal length 
factor”, “digital magnification factor” and “digital multiplier” are misnomers. A cropping 
effect of the imaging area is the only thing that happens, resulting in a narrower FOV. Hence, 
the terms digital crop factor or FOV crop factor seem to be the only valid ones. As a rule of 
thumb: the smaller the imaging area, the shorter the focal length lens is needed to yield the 
same FOV as a lens with a longer focal length on the 135 format. The particular crop factor 
exercised by a specific image sensor was therefore also indicated in figure 1. 
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